The differential cross section for inclusive particle production as a function of energy in proton-proton collisions at a center-of-mass energy of 13 TeV is measured in the very forward region of the CMS detector. The measurement is based on data collected with the CMS apparatus at the LHC, and corresponds to an integrated luminosity of 0.34 µb −1 . The energy is measured in the CASTOR calorimeter, which covers the pseudorapidity region −6.6 < η < −5.2. The results are given as a function of the total energy deposited in CASTOR, as well as of its electromagnetic and hadronic components. The spectra are sensitive to the modeling of multiparton interactions in pp collisions, and provide new constraints for hadronic interaction models used in collider and in high energy cosmic ray physics.
Introduction
Particle production at very forward rapidities (|η| > 5) in high energy hadronic collisions receives contributions from multiparton interactions (MPI), initial-and final-state radiation (from the hardest parton scattering), fragmentation of the so-called "beam remnants", plus diffraction [1] . The sum of all these particle production mechanisms, typically referred to as the "underlying event" [2] , is modeled phenomenologically in hadronic Monte Carlo event generators with parameters tuned from the data [3] [4] [5] . A good understanding of forward particle production is important for a complete description of the final states in proton-proton (pp) interactions at colliders, as well as to accurately simulate extensive air showers induced in the earth atmosphere by very high energy cosmic rays [6] . In particular, forward charged hadron production has direct impact on the total number of air-shower muons at the ground, whose measurement shows unexplained excesses compared to model predictions [7] . The rapidities covered in the presented measurement (−6.6 < η < −5.2, still well separated from the beam rapidity y ≈ 9.5) are mostly sensitive to the MPI activity [8] .
Previous studies of very forward particle production in pp collisions have been carried out at center-of-mass energies of 0.9, 2.76, 7 and 8 TeV by CMS [8, 9] , at 7 and 8 TeV by TOTEM [9] [10] [11] , and at 7 TeV by LHCf [12, 13] . The present paper reports new measurements of inclusive energy spectra at a center-of-mass energy of 13 TeV. The data are discussed in terms of the production of electrons and photons (mostly from π 0 decays), as well as hadrons (mostly π ± ) in the very forward direction covered by the CASTOR calorimeter of the CMS experiment at the CERN LHC. CASTOR [14] covers the pseudorapidity region −6.6 < η < −5.2, and can distinguish between electromagnetic and hadronic energy depositions. CASTOR is only installed on the negative z-side of CMS, and hence has acceptance at negative pseudorapidities. Because of CASTOR's very forward location, the data are sensitive to parton interactions at very small and large fractional momenta in the proton, x < 10 −4 and x → 1.
Experimental setup and Monte Carlo simulation
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T [15] . Within the field volume in the central region are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator hadron calorimeter. Muons are measured in gas-ionization detectors embedded in the steel return yoke.
The central detectors of CMS are complemented by calorimeters in the forward direction, which all rely on the detection of Cherenkov photons produced when charged particles pass through their active quartz components. The "hadron forward" (HF) calorimeters cover the pseudorapidity interval 3.0 < |η| < 5.2 and use quartz fibers embedded in a steel absorber. The CASTOR calorimeter is a sampling calorimeter composed of layers of fused silica quartz plates and tungsten absorbers, segmented in 16 azimuthal towers, each with 14 longitudinal channels. The two front channels have a combined depth of 20 radiation lengths and form the electromagnetic section of each tower. The remaining 12 channels constitute the hadronic section. The full depth of a tower amounts to 10 hadronic interaction lengths. A more detailed description of the CMS detector, together with a definition of the coordinate system used and all relevant kinematic variables, can be found in Ref. [ [20] model to describe diffractive processes. The PYTHIA 8 CUETP8M1 tunes use the NNPDF2.3LO [21] parton distribution functions (PDF), whereas tune 4C uses the CTEQ6L1 PDF [22] . Hadronic interaction event generators mostly developed for cosmic ray physics are also used: EPOS LHC [23] and its previous version EPOS 1.99 [24] , QGSJETII [25] version II.3 and II.4, as well as SIBYLL 2.1 [26] and the recently released SIBYLL 2.3 [27] . The latest versions of all these models are tuned to LHC data up to √ s = 8 TeV, while the earlier versions are tuned to Tevatron results [28] .
Event selection and data analysis
The present analysis is based on data that were recorded during the low luminosity LHC Run in 2015, when CASTOR was operational and the CMS solenoid was off. The data correspond to an integrated luminosity of 0.34 µb −1 , with an average pp interaction probability of 5% per bunch crossing. Data were recorded with an unbiased trigger requiring only the presence of two colliding bunches. Electronic noise and beam-induced backgrounds are studied with data taken without colliding bunches. Events are selected offline by requiring hadronic activity in the HF calorimeters on either side of CMS. At least one reconstructed calorimeter tower with energy larger than 5 GeV is required. With these selection criteria the residual contribution of electronic noise and beam background is well below 1%.
Beam halo muons are used to determine the calibration of each CASTOR channel relative to the others. This inter-calibration procedure cannot be applied to the last two longitudinal channels, which have detector noise levels very close to the muon ionization peak and are not included in the dedicated halo-muon trigger. These channels are therefore excluded from the analysis.
The response of CASTOR to pions and electrons was measured in a test beam in 2008 [29] . However, the configuration of CASTOR changed since then. Because of this, an independent method based on 7 TeV collision data is used to determine the absolute energy scale calibration of CASTOR. The average energy measured by the HF calorimeters in the region 3 < |η| < 5 is fully corrected to the particle level [30] and extrapolated to the region covered by CASTOR, using various hadronic interaction models. The result of the extrapolation is used to calibrate CASTOR. The detector response is found to be consistent with the test beam results. Such a data-driven method facilitates the assignment of a realistic uncertainty on the calorimeters energy scale.
In order to reconstruct the total energy deposited in CASTOR, the energies of all calorimeter towers above the noise threshold are summed up. This threshold is determined independently for every calorimeter tower and varies between 2 and 2.5 GeV. The electromagnetic and hadronic contributions to the total energy can be determined by using the corresponding sections of CASTOR. The measured detector-level spectra are shown in Fig. 1 . Differences among model predictions are apparent. The correction to the particle level is carried out through an unfolding technique by means of the ROOUNFOLD package [31] with the iterative algorithm proposed by D'Agostini [32] . The procedure is stopped after 4 (6, 5) iterations for the total (electromagnetic, hadronic) spectrum, when the change with respect to the previous step is less than one percent. Figure 2 shows the distributions of reconstructed energy in CASTOR as a function of the true energy at particle level for PYTHIA 8 CUETP8M1. The fact that the slope of the correlation for the hadronic energy is not unity reflects the noncompensating nature of the calorimeter. The event selection at particle level is based on the Lorentz-invariant fractional momentum loss of the proton, ξ. All final-state particles are divided into two systems, X and Y, based on their rapidity with respect to the pair of particles with the largest separation in rapidity. All particles on the negative side of this gap are assigned to the system X, while the particles on the positive side are assigned to the system Y [8]. The invariant masses, M X and M Y , of each system are calculated using the four-momenta of the individual particles, and the variable ξ is defined as the maximum of their squared ratios to the center-of-mass energy:
The variable ξ, commonly used to describe diffractive processes, is well defined for any pp final-state and provides a particularly economical particle-level description of the phase space acceptance at forward rapidities, independent of the underlying particle production mechanism. Events with ξ > 10 −6 at particle level are selected, with an efficiency of about 97.3% and a purity of about 99.5% with respect to the detector-level event selection. The total energy at particle level is calculated by summing up the energies of all particles, except muons and neutrinos, within the acceptance of CASTOR. Muons and neutrinos are excluded since they do not deposit relevant energies in the detector. For the electromagnetic spectrum, only electrons and photons are used; the latter are excluded for the hadronic energy spectrum. The decay photons of neutral pions constitute the dominant contribution to the electromagnetic spectrum.
Experimental uncertainties and results
The experimental uncertainties of the present results are mainly of systematic nature, with the CASTOR energy scale uncertainty being the most significant contribution. In the datadriven calibration method, uncertainties on the energy scale arise from the HF energy scale uncertainty, the extrapolation uncertainty, and the noncompensating calorimetric response of CASTOR. Furthermore, the energy measured by CASTOR depends on its exact location with respect to the interaction point. This is because the energy flow dE/dη rises sharply with η in the very forward region. For the present data, the position of CASTOR is known to within 1 mm, leading to a 7.5% energy scale uncertainty. This is determined by means of Monte Carlo studies in which CASTOR is moved within the measurement uncertainties. All contributions to the energy scale uncertainty add up to 17% at detector level.
An additional systematic uncertainty comes from the inter-calibration of the channels with respect to each other. This affects the separation of the electromagnetic and hadronic energies by up to 16%.
The sensitivity of the result to the event selection based on activity in HF is quantified by varying by 10% the 5 GeV selection threshold, which corresponds to the energy scale uncertainty of the HF calorimeters. The effect is below 6.2% for the total energy, and less for the electromagnetic and hadronic energies. Other sources of uncertainties, such as noise, beam background, or pileup are found to be negligible.
The detector-level spectra are varied within each of the above uncertainties, and then unfolded. The spread of the unfolded spectra is then taken as a measure of the systematic uncertainty associated to each distribution. Since the unfolding relies on Monte Carlo simulation, three models are used to unfold the detector-level spectra: PYTHIA 8 4C+MBR, PYTHIA 8 CUETP8M1, and EPOS LHC. The average of the resulting spectra is used as the nominal result and half their spread as an additional model-dependent systematic uncertainty. This uncertainty is below 20% for the total and electromagnetic spectra. The model dependence for the hadronic energy is higher and reaches 63% in some energy bins. These uncertainties increase with energy. The luminosity recorded by CMS is determined with a precision of 2.3% for data taken with full magnetic field [33] . The luminosity at zero magnetic field can be recalibrated by comparing full and zero field data directly; the corresponding uncertainty is 2.6%.
All contributions to the systematic uncertainties are added in quadrature. Example values are given for two bins of total, hadronic, and electromagnetic energies in Table 1 . The statistical uncertainties are calculated with the full covariance matrices of the unfolded results and therefore include correlations induced by the unfolding procedure. The full covariance matrices are available in the HEPDATA record of this paper; the differential cross section measurements with uncertainties are also tabulated therein [34] . In the figures, the total uncertainties are shown as yellow bands; they include the statistical uncertainties, which in most bins are not visible. The uncertainty assigned to the model dependence of the unfolding procedure is shown as an orange band. The total, electromagnetic, and hadronic energy spectra are measured in the region −6.6 < η < −5.2 and corrected to the particle level for ξ > 10 −6 . They are shown in Figs. 3-5 and compared to the predictions of EPOS, QGSJETII and SIBYLL (left plots) and various PYTHIA 8 tunes (right plots). All spectra feature a sharp peak at zero reflecting the presence of diffractive events with forward rapidity gap(s). The total and hadronic energy spectra exhibit peaks at about 300 and 100 GeV respectively, followed by a long tail towards higher energies. Such a peak is not observed in the electromagnetic spectrum.
In Fig. 3 , the distribution of the total energy is shown. Different parts of the spectrum are reproduced by different models. None of the models reproduce all features of the data, but the bump at about 300 GeV is visible in all of them. The spectrum is best described by EPOS LHC and QGSJETII.4. The PYTHIA 8 tunes tend to overestimate the contribution of the soft part of the spectrum and so does SIBYLL 2.3. The high energy tail is well described by PYTHIA 8 and SIBYLL, whereas EPOS LHC and QGSJETII. The electromagnetic spectrum is shown in Fig. 4 ; it is relatively well described by most of the models within uncertainties. Only PYTHIA 8 4C+MBR and SIBYLL 2.3 do not correctly model the shape of the soft part of the spectrum up to about 500 GeV. The comparison of the data to the predictions of various PYTHIA 8 tunes indicates that the electromagnetic energy distribution is also very sensitive to the underlying modeling of MPI. Figure 5 shows the hadronic energy distribution. While EPOS LHC and QGSJETII perform well at lower energies, they predict too large a cross section in the range of 600 to 1800 GeV. This feature is also observed in the total energy spectrum, suggesting that the excess originates from the production of hadrons. SIBYLL 2.3 reproduces the slope of the spectrum over a larger energy range, but significantly overestimates the cross section at very low energy, while SIBYLL 2.1 shows a large excess at around 500 GeV, similar to that observed in the total energy spectrum.
Summary
The electromagnetic, hadronic, and total energy spectra of particles produced at very forward pseudorapidities (−6.6 < η < −5.2) have been measured with the CASTOR calorimeter of the CMS experiment in proton-proton collisions at a center-of-mass energy of 13 TeV. The ex- The present measurements are particularly sensitive to the modeling of multiparton interactions (MPI) that dominate particle production in the underlying event at forward rapidities in pp collisions. PYTHIA 8 CUETP8M1 without MPI is ruled out by the data, which exhibit much harder spectra than predicted by the model. The shape of the spectra are significantly influenced by the MPI-related settings in PYTHIA 8. The present results can therefore contribute to improvements in future Monte Carlo parameter tunes.
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